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The frequency of Escherichia coli infection has lead to concerns over pathogenic bacteria in our food supply 
and a demand for therapeutics. Glycolipids on gut cells serve as receptors for the Shiga-like toxin produced by 
E. coli. Oligosaccharide moiety analogues of these glycolipids can compete with receptors for the toxin, thus 
acting as antibaclerials. An enzymatic synthesis of the PI trisaccharide (Galorl,4Galpl,4G)cNAe), one of the 
oligosaccharide analogues, was assessed in this study. In the proposed synthetic pathway, UDP-glueose was 
generated from sucrose with nnAnabaena sp. sucrose synthase and then converted with an £. coli UDP-glucose 
4-epimerase to UDP-galactose. Two molecules of galactose were linked to ;V-acelylglucosamine subsequently 
with a Helicobacter pylori p-I,4- galactosyl transferase and a Neisseria meningitidis a- 1,4 -galactosyl transferase to 
produce one molecule of Pi trisaccharide. The four enzymes were coexpressed in a single genetically engineered 
E. coli strain that was then permeabilized and used to catalyze the enzymatic reaction. PI trisaccharide was 
accumulated up to 50 mM (5.4 g in a 200- ml reaction volume), with a 679r yield based on the consumption of 
Af-aeetylglucosamine. This study provides an efficient approach for the preparative-scale synthesis of PI 
trisaccharide with recombinant bacteria. 



Recently, vaccines have been introduced to prevent illness 
from pathogenic Escherichia coli, yet there remains a need for 
therapeutics to treat acute infection (27). Unlike endogenous 
E. coli from our intestine, the pathogenic strain (OJ57:H7) has 
acquired a gene from Shigella which produces a toxic protein. 
This Shiga-like toxin binds to glycol ipid receptors on cells of 
the gut wall and can ultimately lead to dysentery, hemorrhagic 
colitis, and sometimes life-threatening complications (32). The 
attachment of the microbial protein onto mammalian cells 
through surface carbohydrates initiates a successful infection 
(18). The Shiga-like toxin will also bind other carbohydrate 
derivatives, including globotriosylceramide (GaIal.4Galpl. 
4Glc-ceramide) found on the cell surface (4. 24-26. 44) and 
trisaccharide analogues, such as globotriose (GalaMGalpl, 
4Glc) and the trisaccharide moiety of PI antigen (Galal, 
4Galpl ? 4GlcNAc) (1). The mechanism of action for the pro- 
posed therapy involves preventing the toxin from binding to 
cell receptors by introducing these molecules to the site of 
infection. Instead of binding to cell receptors, the toxic pep- 
tides bind to the carbohydrate analogues and are removed 
from the body without causing harm. Of the three carbohy- 
drate moieties mentioned above, PI trisaccharide is the most 
effective therapeutic. Although synthesis remains a limiting 
factor, if available in large quantities these trisaccharides have 
considerable potential as anliadhesive agents in the treatment 
of pathogenic E. coli infections (17, 36, 37). 

Chemical syntheses of oligosaccharides have always been 
complicated by their structural complexity and have tradition- 
ally involved laborious protection protocols. Having been de- 
veloped significantly in recent years. biocataJytic approaches to 
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oligosaccharide synthesis offer many advantages over tradi- 
tional methods (15, 34). Glycosyltransferases. as well as glyco- 
sidases (29. 42), or whole cells of metabolically engineered 
bacteria have been applied in the synthesis of oligosaccharides 
and analogues (5, 8. 35). To date, catalysis with Leloifs glyco- 
syltransferases (19. 47) as well innovations in the regeneration 
of glycosylation donors have greatly advanced the field (3. 16. 
46. 48. 49). Biocatalytic synthesis, however, still requires the 
tedious purification of the individual enzymes involved in ca- 
talysis and careful stoichiometric balancing of high-energy 
phosphates. Kyowa Hakko. Inc.. in Japan, is one of several 
companies that have accomplished large-scale syntheses of 
sugar nucleotides and oligosaccharides (21. 22. 33. 50). In such 
experiments, several recombinant bacterial strains expressing 
enzymes involved in the catalytic pathway of particular carbo- 
hydrates were coupled. The development of a metabolically 
engineered strain of Corynebacterium ammoniagenes with high- 
level UTP production and UDP-galactose (UDP-Gal) regen- 
eration was a key contribution to the present work ( 11-13. 20). 
Subsequently, an alternate pathway for UDP-Gal formation 
from sucrose and UDP has been developed. With a catalytic 
amount of UDP, sucrose synthase (SusA) catalyzes the cleav- 
age of sucrose to release UDP-glucose (UDP-Glc) and fruc- 
tose. UDP-Glc-4-epimerase (GalE) catalyzes the conversion 
from UDP-Glc to UDP-Gal. Both are reversible reactions 
driven forward by constant consumption of UDP-Gal in gly- 
cosylation (51). We have previously reported work involving 
the synthesis of trisaccharides using a single recombinant 
£. coli strain harboring three enzymes: SusA. GalE. and bovine 
a-1.3-galactosyltransferase (al ,3GaJT). Using lactose as the ac- 
ceptor in this system, the or-Gai epitope (Galal.3GaJpl.4Glc) 
was synthesized. When «l,3GalT was replaced with the Neis- 
seria meningitidis al.4GalT (LgtC). the resulling oligosaccha- 
ride was modified to the globotriose (Galu],4GaJ|3J.4Glc) (7). 
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In this paper, a fourth enzyme was added to the previous 
three (7). p].4GaIT from Helicobacter pylori. The correspond- 
ing gene possesses a poor homology with IgiB. another pi, 
4GalT gene found in N. meningitidis (45). By transferring a 
galactosyl to A^-acetylglucosamine (GIcNAc). pi.4GaJT cata- 
lyzes the synthesis of N-acetylJaclosamine (LacNAc.Galpl. 
4GlcNAc) (10). LacNAc is then combined with an additional 
galactosyl by od,4GalT r resulting in the synthesis of the PI tri- 
saccharide ( Gala 1.4 Gal pi. 4 GJcN Ac). The focus of our study is 
the development of Jarge-scale production of this PI trisaccha- 
ride with the inclusion of UDP-Gal regeneration in a single 
genetically engineered bacterium. 

MATERIALS AND METHODS 

Plasm iris and bacterial strains. The plasmid vector pLDR20 (ATCC 87205). 
£. coli K-1 2 substrain MG3655 (ATCC 47076). AKabaena sp. strain PCC 7119 
(ATCC 29153), H. pylori (ATCC 43504: NCTC 11637), and H. pylori 26695 
(ATCC 700392) were purchased from ihe American Type Culture Collection. 
Manassas, Va. The plasmid vector pETl5b and E. coli BL23(DE3) cells \F' 
ompT hsdS B (r B ~ m B ~)gal dcm (DE3)} were from Novagea Madison, Wis. £. 
coli DH5« cells (lacZbMJS hsdR reed) were from Gibco-BRL Life Technology. 
Rockville. Md. E. coli NM522 cells {supE ihi-1 ^(lac-proAB) ±(mcrB-fodSM)5 
(r K ~ %*) \F'proAB focPZMlIS]} were from Stratagene. La Jolla. Calif. The 
chromosomal DNA of A r mem'ngitUii* MC58(L3) was a kind gift from Michel 
Gilbert (Institute for Biological Sciences. National Research Council of Canada- 
Ottawa, Ontario. Canada). 

Cloning, expression, and purification of individual enzymes. Molecular clon- 
ing was performed as described by Sambrook et al. (40). Restriction enzymes and 
T4 DNA ligase were obtained from Promega, Madison. Wis. As described in a 
previous study by Chen et al. (7). the galE gene from£. coli K-3 2. su\A gene from 
Anabaena sp.. and truncated IgtC gene (45 bp deleted from the 3' end) from A 7 
meningitidis were cloned onto pET35b. Individual enzymes were expressed as 
hexahistidine- lagged fusion proteins in £. coli BL23 (DE3) cells and purified with 
nickel nitrilotriacetic acid agarose (Oiagen. Santa Oarita. Calif.) affinity chro- 
matography. The gene encoding (S1.4GalT was PCR amplified with Taq DNA 
polymerase (Fisher Scientific. Chicago. 111.) from// pylori (ATCC 43504: NCTC 
11637) (forward primer. 5 G AGTCT TCATG A TT CGT GTTTTT AT CATTT CT 
TTAAATC-3': reverse primer, 5'-CGCGTCGAC CT CGAG CTATACAAACT 
GCCAATATTTC-3'). At both ends of the PCR product, restriction sites {BspHl 
at the 5' end and X)io\ at the 3' end) were introduced for insertion of the gene 
into pET!5b at AVol and XIw) sites (underlined) directly upstream of the T7 
promoter. The recombinant f3J.4GalT without a histidine tag was expressed in 
BL2l(DE3) cells under the induction of 0.4 niM isopropyl-l-thio-fS-D-galacto- 
pyranoside (Fisher). Bacterial cells were pelleted, resuspended, and lysed by the 
addition of lysozyme and sonication. Cellular debris was spun down, and fil. 
4GalT was purified from the supernal am by using (NH 4 )-SO J| precipitation and 
gel filtration with a Hi Load 16/60 Superdex 200 column on a AKTA fast- 
performance liquid chromatography system (Amersham Pharmacia Biotech. Pis- 
cat away, N.L). The expression of proteins was confirmed by sodium dodecy] 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (23). and their concen- 
trations were measured using the Lowry method (28). 

Enzymatic activity assays. Enzyme activity, as applied in this paper, is defined 
as the amount of an enzyme required to produce 1 micromole of the product per 
minute at 25' C. As well, protocols used to assay the activities of « 3.4 G a IT (7) and 
GalE (6) were performed as published elsewhere; however, reactions were car- 
ried out at 25'C. 

SusA activity during the generation of UDP-GIc from sucrose was measured 
indirectly by following the increase at A ?A0 as NAD was reduced to NADH by 
UDP-GIc dehydrogenase (UDPG-DH: Sigma, St. Eouis. Mo.). The reaction was 
performed in 800 ^1 of buffer (50 mM morpholineethanesulfonic acid [MES] |pH 
6.0). 30 mM KC1. 10 mM MgCl 2 . 100 mM sucrose, 5 mM UDP, 2 mM NAD. 0.05 
U of UDPG-DH) and 200 u.1 of cell lysate or purified SusA. 

fJl,4GaIT was assayed following a protocol similar to that for «3.4GalT (7). 
The reaction was performed in 80 pi of buffer (50 mM HEPES |pH 7.2]. 20 mM 
KG. 10 MgCl 2 . 20 mM GIcNAc) with 0.3 mM UDP-j6- ? H]Gal (final specific 
activity. 1,000 cpm nniol" 1 : Amersham Pharmacia) and 20 ul of cell lysate or 
purified enzyme. GIcNAc was omitted in the blank control. Allowed to run for 15 
min at 25*"C the enzymatic reaction was terminated by adding 100 jil of ice-cold 
1 00 mM EDTA and 800 pi of a DOWEX 1 X8-200 chloride anion exchange resin 



(Sigma) slurry (prepared in distilled water. 1:1 |vol/vol]). After centrif ligation. 0.5 
ml of the supernatant was mixed with 3 0 ml of Scinti Verse BD (Fisher) and 
counted in an LS-3801 liquid scintillation counter (Beckman Coulter. Inc., On- 
tario. Canada). 

Construction of recombinant bacteria. Using constructed plasmids (pET35b- 
susA. pETl5b-£d/£. pET!5b-/£/C. and pET 1 5b-$L<tGalT). an artificial gene clus- 
ter, with ribosomal binding site sequences preceding each gene, was created by 
subcloning genes into pLDR20. The plasmid pLDR20 contains the PR promoter 
and c!857 repressor expression cassette from phage A, providing a temperature 
control to a gene(s) cloned under PR. Using pLDR20-CES containing susA. 
galE. and IgtC (7). $L4GalT was added to create a four-gene recombinant 
plasmid. pLDR20-C^ES. The 37,4Gn/7~gene was PCR amplified from pET35b- 
$],4Ga!T with Sal] and SacU sites at either end (forward primer. 5'-TC CCCG 
CGGAATAATTTTGTTTAACTTTAAG-3': reverse primer ; 5' CGC GTCGAC 
CTCGAGCTATACAAACTGCCAATATTTC-3'). Sal) and SacU restriction 
sites were placed between IgtC undgafEon pLDR20-CES for $]JGalT insert ion. 
A sequence of the ribosomal binding site, without a histidine tag, was added 
immediately upstream of the recloned fJ7, 4Go/T gene. The completed recombi- 
nant plasmid pLDR20-CfiES {Fig. lb) was used for the transformation off. coli 
NM522 competent cells. 

Synthesis of oligosaccharides. Once transformed, NM522(pLDR20^ES) 
cells were incubated on fresh ampicillin (150 m£ ml' 1 ) Luria-Berlani (LB) agar 
plates overnight at 30 C C. Starter cultures (50 ml) were grown using LB medium 
with ampicillin (150 ug ml* 1 ) for S h at 30 e C in an incubator-shaker (New 
Brunswick Scientific. Edison. N-L). The 50- ml saturated culture was transferred 
into a 4- liter flask containing 1 liter of fresh LB (ampicillin concentration, 150 jjlc 
ml' J ). When the culture reached a suitable density (y4 600 = ].0) after 3 to 4 h at 
30' C. the expression of recombinant enzymes was activated by shifting the tem- 
perature from 30 to 40X. After shaking at 40 C C for another 3 to 4 h. bacteria 
were harvested by centrifugation (4.000 :•: g: 20 min). The cell paste (wet weight 
about 5 g per liter) was then resuspended at 0.5 g ml" 1 in buffer (20 mM 
Tris-HCI [pH 7.0]. 3% Triton X-100. 5 mM EDTA, and 10 mM 2-mercapto- 
e i ha no!). The suspension was freeze- thawed twice to permeabilize the cells. 

Oligosaccharide synthesis was performed in a reaction buffer (50 mM MES 
|pH 6.0]. 10 mM MgCU. 4 mM dithiothreitol. 200 mM sucrose, 5 mM UDP, 10 
to 200 mM GIcNAc) with a suitable amount of permeabilized cells. For the 
optimization of reaction conditions, multiple small-scale 3-ml reaction mixtures 
were set up using different substrates and 0.1 g (200 of cells. Synthesis was 
carried out at 25'C and monitored by silica thin-layer chromatography (TLC; 
r"-PrOH-NH 4 OH-H 2 0 = 7:3:2) and MlCROSORB-100 A amino high-perfor- 
mance liquid chromatography (HPLC: isocratic CH r ,CN-H 2 0 = 65:35) coupled 
with a UV detector (for UDP-GIc) and refractive index detector (for sucrose. 
GIcNAc. and PI trisaccharide)- The supernatant of the reaction solution was 
directly loaded on TLC To prepare HPLC samples, 150 nl of the reaction 
solution was taken, mixed with 150 pi of acetonitrile. and then centrifuged lo 
remove any precipitate before injection into the HPLC apparatus. 

Once optimized, oligosaccharide synthesis was scaled up to a 200-ml volume 
(200 mM [13.7 g] sucrose. 5 mM |0.4 g] UDP-GIc. 75 mM [3.3 g] GIcNAc, and 
0.1 g of permeabilized cells ml" 1 [wet weight. 20 g]). and the reaction mixture 
was stirred at 25 £ C for 72 h (or 96 h for the time course analysis). 

Purification of oligosaccharides. Enzymatic synthesis was terminated by plac- 
ing the reaction mixture in a hot water bath (300X) for 10 min. The supernatant 
of the reaction mixture was collected by centrifugation (30.000 X g: 30 min) and 
adjusted to pH 5.0 to 6 0. Unincorporated sucrose was thorough!)' degraded by 
treating the supernatant with 10 mg of invertase (5,000 U: Sigma) for 24 h at 
25 l C. Oligosaccharides generated during synthesis were removed from solution 
by absorption to 70 g of activated charcoal (Sigma). Charcoal was rinsed to 
remove remaining monosaccharides with 2 liters of H~0. Disaccharides and 
completed trisaccha rides were eluted with 10% ethanol and 35% ethanol, re- 
spectively. If required, the disaccharide was enzymatically removed from the 
trisaccharide fraction with f5-gaIactosidase. Using TLC to monitor fractionation, 
the trisaccharide was purified using Bio- Gel P-2 size-exclusion chromatography 
(1.5 bv 120 cm: Bio-Rad. Richmond. Calif.) and Ivophilized (Vinis. Gardiner, 
N.Y.).' 

GalpMGlcNAc. ES1-MS: 405.98 (M 4 NV ), 428.00 (M 4- 2 Na" - H") : 
788.88 (2 M 4 Na") 810.84 (2 M 4 2 Na* - ). "H-NMR (D 2 0, 500 MHz) 
ft 5.07 {d. 0.6H, H-la, J = 2.5 Hz) ; 4.58 {d, 0.4H. H-lp. J = 7.6 Hz). 4.338, 4.334 
(J. 1H, H-1', J = 8.3 Hz, 7.6 Hz). 3 38-3.85 (m. 13H) ; 1.91 (s. 3H, NAc); 
1? C-NMR (D 2 0, 3 25 MHz) h 174.89. 174.62, 103.3 0. 103.04, 95.04. 90.70, 78.97, 
78.54. 75.52. 75.01. 72.68 : 71.3 4. 70.43. 69.44. 68.72, 63.18. 60.25, 60.32, 56.38, 
53.88, 22.34, 22.04. 

Gal«].4GarpL4GlcNAc. ES1-MS: 546.02 (M 4 }-T), 563.03 (M 4 NH^), 
567.98 (M 4 Na"). 583.93 (M 4 K~ ). 1090.90 (2 M 4 H 3112.89 (2 M 4 
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FIG. 1. (a) The biosynthetic pathway of Pi trisaccharide with the regeneration of UDP-Gal. (b) Recombinant plasmid harboring four of the 
involved genes. 



N:r). ] 128.83 (2 M + K* ). 'H-NMR (D 2 0. 400 MHz) & 5. J 5 (</. 0.6H. H-lvuJ = 
1.6 Hz). 4.89 (rf. 1H. H-l ". 7 - 3.2 Hz). 4.67 0.4H. H-3£J 7 ^ = 7.3 Hz). 4.48 
(</. 1H. HO'. J = 8.1 Hz) : 4.3] (l 1H. H-4\7 = 6.5 Hz) ; 3 50 to 4.00 (m. 1SH). 
1.99 (a. 3H. NAc): 1? C-NMR (D 2 0. 3 00 MHz) 5 174.96. J74.70 ; 103.50. 100.53. 
95.07. 90.76 : 79.28. 78.87. 1155, 75.66. 75.14. 72.75. 72.37. 71.15. 70.55. 69.55, 
69.38. 69.3 6 t 68. SO. 60.73. 60.60. 60.27. 60.15. 56.60 : 54.05. 22.44. 22.14. 

RESULTS 

Biosynthetic pathway. Synthesis of PI trisaccharide. Gala J, 
4Gal[31.4GJcNAc. was achieved by the recombination of four 
enzymes. Two galactosyitransferases. H. pylori p].4Ga]T and 
N. meningitidis aJ,4GalT. as weJ) as StisA and GalE that were 
used for the generation UDP-GIc from sucrose and UDP-GIc 
from UDP-Gal. respectively, were coupled together (Fig. Jb). 
One equivalent of PI trisaccharide was prodticed from two 
equivalents of sucrose, one equivalent of GlcNAc. and a cat- 
alytic amount of UDP (Fig. J a). 

Stepwise confirmation of the proposed biosynthetic pathway 
was done using five reactions with different combinations of 



purified enzymes and starting materials (Table ]). Each cata- 
lytic step was investigated by introducing one or more enzymes 
to various precursors. Addition of pl.4GaJT and oJ,4GalT 
individually (Table 1, combinations 1 and 2) with UDP-Gal as 
a donor and GlcNAc or lactose as an acceptor yielded 90 and 
95% efficiency in the production of LacNAc and Gala 1,4 Lac. 
respectively. Coupling aMGalT and PL4Ga)T (Table 1, com- 
bination 3) with two equivalents of UDP-GaJ and GlcNAc 
resulted in 73% efficiency in the production of PI trisaccha- 
ride. Reduction in the yield of P] trisaccharide was likely the 
result of competition between the two galactosyitransferases 
for UDP-GaJ. With the addition of GalE (Table 1, combina- 
tion 4) to the above galactosyitransferases. the generation of 
PI trisaccharide remained equally efficient despite the change 
in substrate to UDP-GJc. The addition of SusA to the reaction 
allowed for the production of PI trisaccharide from sucrose 
and GlcNAc precursors at an efficiency of 60%. confirming the 
proposed biosynthetic patJrway (Table 1. combination 5). 
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Combination 


hnzyme Starting material 


Product 


Yield* 3 {%) 


1 

2 

3 
4 

5 


(}].4GalT UDP-Gal + GlcNAc 
c*1.4GalT UDP-Gal + lactose 
al.4CalT+(3L4GalT UDP-Gal -r GlcNAc 
GalE+ol.4GalT4j3l.4GalT UDP-Glc + GlcNAc . 
SusA+GalE+oMGa]T+£L4Ga»T Sucrose + GlcNAc 


GalpMGleNAc* 
Gala 1.4- lactose'' 
Galol,4Gaipi,4GlcNAc 
Galal.4Gaipi.4GlcNAc 
Gala 3 .4Gal£ 1 ,4GlcN Ac 


90 
95 
73 
75 
60 


* The yield was 
b The structure 


calculated from HPLC results and the amount of lactose (Combination 2) or GlcNAc (1. 
was not confirmed. 


3-5). 





Recombinant expression of enzymes. Expression of susA. 
go IE, IgtC. and QlJGalT from the constructed expression vec- 
tor pLDR20-C£ES was confirmed by SDS-PAGE (96.6 kDa 
for SusA, 39.8 kDa for GalE. 38.2 kDa for aJ f 4GaJT. and 32.0 
kDa for pi.4GaJT |Fig. 2]). Judging from the comparable cell 
densities between populations of E. coli BL21(DE3) (pET!5b- 
susA, pEYlSb-galE, pET15b-fe/C or pET15b-p7.-/Gtf/7). en- 
zymes did not exert a toxic effect on their hosts. The expression 
level of each protein was also comparable (Table 2). However, 
solubility differed as follows: GalE was approximately 100% 
soluble, "and al.4GalT. pl ? 4GalT, and SusA were 80. 50. and 
20% soluble. The insoluble portions of proteins occurred 
within inclusion bodies. Compared to individual expression in 
BL21(DE3) cells reported above, the abundance or activity of 
coexpressed enzymes in NM522(pLDR20-CpES) cells was re- 
duced. Indirect evidence suggests that this observed decrease 
was the result of nutrient limitations rather than an inlermo- 
lecular effect between recombinant enzymes. 

Production of PI trisaccharide. The molarity of GlcNAc in 
reaction buffer was found to influence the ralio and abundance 
of PI trisaccharide and associated di- and tetrasaccharides 
(Fig. 3). PI trisaccharide production was optimal at 75 mM 
GlcNAc. Above this concentration, synthesis began to favor 
the production of the disaceharide LacNAc due to the con- 
sumption of UDP-Gal by the primary galactosylation of 
GlcNAc. Unexpectedly, conditions of low GlcNAc lead to 
the formation of a tetrasaccharide (putative structure. Gala]. 



97.4 
66 

45 



31 



21.5 



rh&ytl v&."^^* 



SusA (96.6) 



— GalE (39.8) 
ct1,4GalT (34.9) 

p1,4GalT (32.0) 



4GaJal.4Galp].4GlcNAc). Theoretically, if UDP-Gal were 
continuously supplied. otl,4GalTwould catalyze a fourth galac- 
tosylation of the PI trisaccharide. generating the tetrasaccha- 
ride. 

When scaled up to 200 ml over a 96-h time course, the 
biosynthesis of PI trisaccharide reached a maximal yield of 50 
mM at 72 h (Fig. 4). Closer analysis revealed complete con- 
sumption of GlcNAc, with 67% being converted to PI trisac- 
charide and the remainder going to production of di- and 
tetrasaccharides. Sucrose (120 mM) remained relatively abun- 
dant, while UDP-GJc was exhausted by 72 h. The depletion of 
UDP-Glc exceeded theoretical consumption, suggesting chem- 
ical degradation during the reaction. Purification of PI trisac- 
charide from reactions yielded on average 80%; recovery. As 
described in Materials and Methods, mass spectrometry (MS) 
and nuclear magnetic resonance (NMR) analyses confirmed 
the structural identity of LacNAc and PI trisaccharide. 

DISCUSSION 

In selecting the source of SusA. several analogues from 
higher plants with a low K m for sucrose and the capability of 
UDP-Glc generation were considered (30). However, SusA 
from prokaryotic Anabaena sp.. a filamentous heterocystous 
cyanobaclerium. was chosen because of compatibility consid- 
erations related to expression in recombinant E. coli (9. 38, 39). 
The design of this recombinant biosynthetic pathway for in 
vivo systems had an unforeseen advantage over in vitro sys- 
tems. Fructose, which is a byproduct of Ihe sucrose cleavage, 
accumulates in vitro, causing feedback inhibition (Fig. la). 
However, in vivo permeabilized bacterial cells keep fructose 
levels in check by consuming the fructose as a carbon source 
(7). 

Recently, trisaccharide synthesis involving SusA (referred to 
as SuSy) from potato, GalE from Streptococcus thermophilus, 
human p].4GalT. and murine al,3GalT was reported (2). 
Starting from sucrose and GlcNAc, an a -Gal epitope (Galal. 
3 Gal 3 1.4 GlcNAc) was synthesized in an in vitro enzymatic 



TABLE 2. Activity comparison of enzymes from individual 
expression and coexpression 



FIG. 2. SDS-PAGE (12.5%) indicating the coexpression of en- 
zymes in recombinant bacteria. Lane L low- range standard proteins; 
lane 2. al,4GalT, GalE. and SusA in NM522(pLDR-CES); lane X otl. 
4GalT, f}l,4GalT, GalE. and SusA in NM522(pLDR-C(iES); lane 4. 
no specific band was shown in NM522(pLDR20). 



Enzyme 


Solubility 

{%) ' 


Individual expression 
(V liter" 1 ) 


Coexpression 
(U liter 1 ) 


GalE 


100 


200 


100 


SusA 


20 


10 


5 


aL4GalT 


80 


30 


IS 


£1.4GalT 


50 


40 


20 
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FIG. 3. Influence of GlcNAc concentration on the production of 
PI trisaccharide, LacNAc, and tetrasaccharide. Pi trisaccharide is 
shown as closed squares, LacNAc is shown as open squares, and 
tetrasaccharide is shown as open triangles. The results are the mean of 
three experiments using ]-ml-scale reaction volumes. 

reaction using individually purified enzymes. Because of inter- 
ference in enzyme function, a histidine tag cannot be fused to 
either the N or C terminus of pMGaJT (data not shown) and 
therefore must be purified without the use of affinity chroma- 
tography. Consequently, the application of recombinant bac- 
teria to the in vivo generation of the trisaccharide represents 
an efficient and simpler method of synthesis. 

The K rn and K, values of human [}1.4GalT for GlcNAc are 
34.6 and 14.3 mM.. respectively (2). Interestingly, our study 
found H. pylori 3MGalT not to be inhibited until a much 
higher concentration, with activity being maintained up to 200 
mM GlcNAc (Fig. 3). AJso of note is the ability of GlcNAc to 
inhibit aJ,4GaJT from A 7 , meningitidis at high concentrations. 
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FIG. 4. Time course of Pi trisaccharide synthesis. The results are 
the mean of three experiments using large-scale reaction volumes 
(once at 200 ml. twice at ]00 ml). Standard errors of the means (not 
shown) amounted to less than 5% of the corresponding means. 
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Despite GlcNAc not being the substrate of a 1.4 GaJT. when the 
concentration exceeded 75 mM enzyme activity was inhibited, 
resulting in the accumulation of the disaccharide LacNAc (Fig. 
3). 

During galactosyl at ion. the UDP portion of UDP-Gal was 
regenerated in situ and reused after the delivery of galactose to 
cam* additional glucose released from sucrose cleavage (Fig. 
la). As a result of working in vivo, reactions had to be slightly 
modified to maintain yield. The gradual hydrolysis of UDP-Glc 
by cellular enzymes required the addition of slightly more than 
catalytic amounts of UDP-Glc for maximized PI trisaccharide 
yield. Likewise, even though (i-galactosidase-deficient NM522 
cells were used, difficulties with substrate and enzyme degra- 
dation by cellular phosphatases and proteases required that 
cells be only moderately permeabilized. A prot ease-deficient 
E. coli strain. AD202, may provide a solution in future work; 
evidence suggests such strains have improved stability of re- 
combinant enzymes (31). 

In our experience, the addition of further genes to pLDR20- 
CpES may be limited because of spatial considerations on the 
plasmid. However, further development of this gene cluster for 
larger multiple-enzyme reactions may be possible with the use 
of gene fusion (e.g.. galE and a galactosyl! ransferase gene). 
This has been attempted in other systems with success and in 
fact has been related to improved enzyme kinetics (6, 14). 

Substrate specificity studies on different glycosyl transferases 
including al.SGalT and 31,4GalT have demonstrated that a 
series of deoxygenated UDP-Gal derivative donors and mod- 
ified acceptors can be used as substrates (15. 34. 43). Such 
previous literature suggested lhat chemical-enzymatic ap- 
proaches, such as the one developed here, could act as an 
alternative for the rapid production of chemically modified 
oligosaccharide analogues. As we have demonstrated, this ap- 
proach not only avoids the laborious tasks of total chemical 
synthesis or enzyme purification but also allows the synthesis of 
multiple oligosaccharides in a single step. Furthermore, the use 
of multiple glycosyltransferases as applied in combinatorial 
chemistry creates additional chemical diversity from unpro- 
tected and chemically modified substrates (41). 

REFERENCES 

1 Armstrong, G. D., E. Fodor, and R. Vanmaele. ]99]. Investigation of Shiga- 
like toxin binding to chemicalJv svnihesized oligosaccharide sequences. J. In- 
fect. Dis. ) 64:] 1 60-t 3 67. 

2. Brinkmann, N., M. Ma lis sard. M. Ramuz, U Romer, T. Schumacher, E. G. 
Berger, L. filling, C. Wandrey. and A. Liese. 2001. Chemo-enzyrnatic syn- 
thesis of the gah'li epitope Gafu(]-3)Galf*(l-4)GlcNAc on a homogeneously 
soluble PEG polymer bv a multi-enzvme svstem. Bioorg. Med. Chem. Lett. 
11:2503-2506. 

3. Butter. T.. and L. Filing. 1999. Enzymatic synthesis of nucleotide sugars. 
Glycoconjugate 1. 16:147-159. 

4. Calderwood, S. B., F. Audair, A. Donahue-Rolfe. G. T. Keusch. and J. J. 
Mekalanos. 1987. Nucleotide sequence of the Shiga-like toxin genes of 
Escherichia coli. Proc. Natl. Acad. Sci. USA 84:4364^4368. 

5. Chen, X., P. Kowal. and P. G. Wang. 2000. Large-scale enzymatic synthesis 
of oligosaccharides. Curr. Opin. Drug Disc. Dev. 3:756-763. 

6. Chen, X„ Z. Liu, J. Wang, and P. G. Wang. 2000. Changing the donor 
cofactor of bovine a]. 3-galaciosvltrnnsferase by fusion with LlDP-galactose 
4-epimerase. More efficient biocntalvsis for synthesis of a- Gal epitopes. 
.1. Biol. Chem. 275:31594-3] 600 

7 Chen, X., J. Zhang, P. Kowal, Z. Liu, P. R. Andreana. Y. Lu. and P. G. Wang. 
2001. Transferring a biosyniheiic cycle into a productive Escherichia coli 
strain: lame-scale svmhesis of calactosides. .1. Am. Chem. Soc. 323:8866- 
8867. 

8. Croul, D. H. G-, and G. Vie. 1998. Glycosidases and glycosyl transferases in 
glycoside and oligosaccharide synthesis. Curr. Opin. Chem. Biol. 2:98-11 L 
9 CurallL L„ A. C Porchia, L. Herrera-Eslrella, and G. L. Salerno. 2000. A 



Vol. 69. 2003 



PI TR1SACCHARIDE SYNTHESIS WITH RECOMBINANT E. COU 2115 



prokaryotic sucrose synthase gene (susA) isolated from a filamentous nilro- 
nen-fixine evanobacterium encodes a protein similar to those of plants. 
Planla 211:729-735. 

3 0. Endo, T., S. Koizumi, K. Tabala, and A. Ozaki. 2000. Cloning and expression 
of fH.4-gaIaciosv)transferase gene from Helicobacter priori. Glycobiology 
10:809-813. 

1 1 . Endo, T.. S. Koizumi, K. Tabaia, and A. Ozaki. 2000. Large-scale production 
of CMP-NeuAc and sialylaied oligosaccharides through bacterial coupling. 
Appl. Microbiol. Biotechnol. 53:257-26]. 

12. Endo, T., S. Koizumi, K. Tabaia, S. KakiLa, and A. Ozaki. 2001. Large-scale 
production of the carbohydrate portion of the sialyl-Tn epitope. «-Neup5Ac- 
(2-6)-D-GalpNAc : through bacterial coupling. Carbohyd. Res. 330:439-44?. 

] 3. Endo, T., S. Koizumi. K. Tabaia, S. Kakita. and A. Ozaki. 1999. Large-scale 
production of A'-acetvIIactosamine through bacterial coupling. Carbohvdr. 
Res. 316:179-183. 

14 Gilbert M., R. Bayer, A. M. Cunningham. S. Defrees, Y. H. Gao. D. C. 
Walson, N. M. Young, and W. W. Wakarchuk. 1998. The synthesis of si ab- 
lated oligosaccharides using a C.MP-Neu5Ac synt he tase/sialylt ransf erase fu- 
sion. Nat. Biotechnol. 16:769-772. 

1 5 Hindsgaul, O., K. J. Kaur, I). B. Gokhale, G. Srivaslava, C. Alton, and M. M- 
Palcic. 1991. Use of glycosyltrasferses in synthesis of unnatural oligosaccha- 
ride analogs. ACS Symp. Ser. 466:38-50. 

16. Ichikawa, Y.. R. Wang, and C.-H. Wong. 1994. Regeneration of sugar nu- 
cleotide for enzvmatie oligosaccharide synthesis. Methods Enzvmol. 247: 
107-127. 

17. Johnson, K. F. 1999. Synthesis of oligosaccharides by bacterial enzymes. 
Glycocon jugate .1. 16:141-146. 

18. Karlsson, K. A. 1995. Microbial recognition of target-cell glycoconjugates. 
Curr. Opin. Struct. Biol. 5:622-635. 

19. Koeller, K. ML and C.-H. Wong. 2000. Synthesis of complex carbohydraies 
and glycoconjugates: enzyme-based and programmable one- pot strategies. 

■ Chem 'Rev. 100:4465-4493. 

20. Koizumi, S., T. Endo. K. Tabata, and A- Ozaki. 1998. Large-scale production 
of UDP-galactose and globotriose by coupling metabolically engineered bac- 
teria. Nat. Biotechnol. 6:847-850. 

21. Kyowa Hakko Kogyo Co. Ltd. (S. Koizumi, H. Kawano, K. Kino, and A. 
Ozaki). April 1996. Processes for producing sugar nucleotides and complex 
carbohydrates. World Intellectual Propertv Organization. WO-09631247. 

22. Kyowa Hakko Kogyo Co. Lid. (S. Koizumi, K. Sosaki. T Endo, K. Tabata, 
and A. Ozaki). October 1998. Processes for producing sugar nucleotides 
and complex carbohydrates. World Intellectual Property Organization. WO- 
09612343. 

23. Laemnili, U. K. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature 227:680-685. 

24. Lindberg. A. A., J. E. Brown, N. Slromberg, M. Weslling-Ryd, J. E. Schullz, 
and K.-A. Karlsson. 1987. Identification of the carbohydrate receptor for 
Shiga toxin produced bv Shigella dysemeriae type 1 . J. Biol. Chem. 262:3779- 
1785. 

25. Ling. H.. A. Boodhoo, B. Hazes. M. D. Cummings, G. D. Arnistrong, J. L. 
Brunlon, and R. J. Read. 1998. Structure of the Shiga-like toxin 1 B-pen- 
tamer complexed with an analogue of its receptor Gb3. Biochemistry 37: 
1777-1788. 

26. Lingwood, C. A. 1996. Role of verotoxin receptors in pathogenesis. Trends 
Microbiol. 4:147-153. 

27. Lovetl, R. A. 1998. Training a molecular gun on killer E. coli. Science 
282:1404. 

28 Lowtv. O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randal). 1951 . Protein 
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275. 

29. Mackenzie, L. F n Q. P. Wang, R. A. J. ^ Warren, and S. G. Withers. 1998 
Glycosvnthases: mutant glycosidases for oligosaccharide synthesis. J. Am. 
Chem.Soc. 120:5583-5584'. 

30. Nakai, T., T. Konishi, X. 0- Xhangr R- Chollel, N. Tonouchi, T. Tsuchida, F. 
Yoshinaga, H. Mori, F. Sakai, and T. Hay as hi. 3998. An increase in apparent 
affinity for sucrose of mung bean sucrose synthase is caused by in vitro 
phosphorylation or directed mutagenesis of Serll. Plant Cell Physiol. 39: 
1337-1341. 



31. Nakano. H.. T. Yamazaki. M. Ikeda, H. Masai, S. Miyalake. and T. Sailo. 

1994. Purification of glutathione S- transferase fusion proteins as a non- 
degraded form bv using a protease- negative E. coli strain. AD202. Nucleic 
Acids Res. 11:54 3-544 r 

32. Naiaro. J. P.. and J. B. Kaper. 1998. Diarrheagenic Escherichia coli. Clin. 
Microbiol. Rev. 11:142-201. 

33. Neose Technologies Inc. (S. DeFrees. R. J. Bayer, and M. Rate lifle). Febru- 
ary 2000. Enzymatic synthesis of oligosaccharides. U.S. Patent US-0603063 5. 

34. Palcic, M. M.. and O. Hindsgaul. 1996. GJycosyltransferases in the synthesis 
of oligosaccharide analogs. Trends Glycoscj. Glycoteehnol. 8:37-49. 

35. Palcic, M. M. 1999. Biocatalytic synthesis of oligosaccharides. Curr. Opin. 
Biotechnol. 10:61 0-624. 

36. Paion. A. W. T R. Morona, and J. C. Paton. 2000. A new biological agent for 
treatment of Shiga toxigenic Escherichia coli infections and dysentery in 
humans. Nat. Med. 6:265-270. 

37. Peter, M. G. r and C. A. Lingwood. 2000. Apparent cooperatively in multiva- 
lent verotoxin-elobotriaosvl ceramide binding; kinetic and saturation binding 
studies with ('-Ijverotoxin. Biochim. Biophys. Acta 1501:136-124. 

38. Porchia. A. C, l_ Curalli, and G. L. Salerno. 1999. Sucrose metabolism in 
cyanobacteria: sucrose synthase from Anabaet:a sp. strain PCC 7119 is re- 
markably differem from the plant enzymes with respect to substrate affinity 
and amino-terminal sequence. Planla 210:34-40. 

39. Porchia, A. C, and G. L. Salerno. 1996. Sucrose biosynthesis in a prokaryolic 
organism: presence of two sucrose- phosphate synthases in Ar.abaena with 
remarkable differences compared with the plant enzymes. Proe. Natl. Acad. 
Sci. USA 93:13600-13604. 

40. Sambrook, J., E. F. Frilsch, and T. Martians. 1989. Molecular cloning: a 
laboratory manual. 2nd ed. Cold Sprine Harbor Laboratory. Cold Sprine 
Harbor. NY 

41. Schweizer. F„ and O. Hindsgaul. 1999. Combinatorial synthesis of carbohy- 
drates. Curr. Opin. Chem. Biol. 3:291-298. 

42. Scigelova. M.. S. Singh, and D. H. G. Crow. 1999. Glycosidases— a great 
synthetic tool. J. Mol. Catalysis B 6:483-494. 

43. Sujino, K.. T. Lchiyama, O. Hindsgaul, N. O. L. Seto, W. W r . Wakarchuk, 
and M. M. Palcic. 2000. Enzymatic synthesis of oligosaccharide analogues: 
evaluation of UDP-Gal analogues as donors for three retaining a-galacto- 
sylt ransf erases. L Am. Chem.Soc. 122:1261-1269. 

44. Takao, T^ T. Tana be, Y.-M. Hong, Y. Shimonishi, H. Korazono, T. Yulsudo, 
C. Sasakawa, M. Yoshikawa. and Y. Takeda. 1988. Identity of molecular 
structure of Shiga-like toxin I ( VTl ) from Escherichia coli Ol 57: H7 with that 
of Shiga toxin. Microb. Pat hog. 5:357-369. 

45 Wakarchuk, W. WL A. Cunningham, D. C. Walson, and M. Young. 1998 
Role of paired basic residues in the expression of active recombinant galac- 
tosvltransferases from the bacterial pathogen Neisseria meningitidis. Protein 
Eng. 11:295-302. 

46 Wang, P.. G.-J. Shen. Y. F. Wang. Y. Ichikawa, and C.-H. Wong. 1993 
Enzymes in oligosaccharide synthesis — active-domain overproduction, spec- 
ificity study, and synthetic use of an «-1.2-mannosvltransferase with regen- 
eration of GDP-Man. .1. Org. Chem. 58:3985-3990". 

47. Wall. G. M., P. A. Lowden, and S. L. Flilsch. 1997. Enzyme-catalyzed 
formation of glycosidic linkages. Curr. Opin. Struct. Biol. 7:652-660. 

48. Wong, C.-H.. Si L Haynie, and G. M. Whitesides. J 982. Enzyme -catalyzed 
synthesis of A ? -acetyIIaclosamine with in situ regeneration of uridine 5'- 
diphosphate glucose and uridine 5'-diphosphate galactose. J. Org. Chem. 
47:5418. 

49. Wong. C.-H.. R, Wang, and Y. Ichikawa. 3992. Regeneration of sugar nu- 
cleotide for enzymatic oligosaccharide synthesis — use of Gal- 1 -phosphate 
uridvlt ransf erase in the regeneration of UDP-galactose. LT)P-2-deoxygaIac- 
tose, and UDP-galactosamine. J. Org. Chem. 57:4343-4344. 

50. Yamasa Corporation (T. Noguchi and T. Shiba). February 1998. Enzymic 
preparation of nucleotide 5'-triphosphates and its application in glycosyla- 
tion reaction. World Intellectual Property Organization, WO-09622614. 

51. Zervos^n, A., and L. EUing. 1996. A novel three-enzyme reaction cycle for 
the synthesis of N-acetyllactosamine with in situ regeneration of uridine 
5 '-diphosphate glucose and uridine 5 '-diphosphate galactose. J. Am. Chem. 
Soc. 11 8: J 836-1 840. 



